The influence of environment on the frictional behavior and surface failure of fluorapatite single crystals was evaluated for sliding in air, water, and dimethylformamide. The coefficient of friction was independent of environment. The ductile-to-brittle transition, however, occurred at a lower load in water than in air.
[bum] in diameter) a was slid5 across the basal surface of natural fluorapatite (FAP) single crystals.b Fifteen parallel, one-traversal scratches that resulted from sliding a normal load (W) of 10 to 150 gm in increments of 10 gm were made on the basal plane of each of six crystals (FAP, I to 6) in the x direction [2 110 ] in environments of air, water, and dimethylformamide (DMF),c another highly polar liquid. Tangential force and track width data were collected during each run. A scanning electron microscope was used to study wear scars further. From failure classification data, we chose the maximum normal load above which a ductile mode of failure6) (Class 1) was no longer observed, a.
Results
Data for failure classification, track width, and tangential force are plotted as a function of normal load in Figures 1 and 2 for sliding on FAP1 in environments of water and DMF, respectively. Several curves calculated from models were compared with the measured data of these plots. A linear regression line was fit to the tangential force vs normal load data. 7 The slope (fi) of this regression line and its standard error are indicated on the plot. of six crystals and are reported in the table for sliding in the x direction in environments of air, water, and DMF.
Based on the assumption that the six fluorapatite crystals were representative of a sample of a larger population of crystals, a one-way analysis of variance was made for each of the parameters listed in the table.
The factor of environment was tested at three levels (air, water, and DMF) with six replications per cell. The tangential force coefficient, /3, (Table) for sliding in the x direction in environments of air (that is, adsorbed water), water, or DMF. In materials where slip is the predominant mechanism for relieving strain under sliding, the coefficient of friction is influenced by surfaceactive species.' On single crystals of calcium fluoride, for example, sliding in oleic acid resulted in a decrease in the amount of plastic deformation and a corresponding decrease in the coefficient of friction. In addition, measurements of dislocation densities on the basal plane of FAP in the present study indicated no increase in density as the result of sliding.9 These observations seem to indicate that slip is not the primary mechanism for relieving strain on the basal plane of FAP. Since a mechanism such as twinning has not been reported for fluorapatite (although it has been reported for chlorapatite10), it is suggested that the strain resulting from sliding is accommodated primarily by elastic deformation. Beyond a critical value of elastic strain, a minimal amount of slip (perhaps less than 10%) may occur to relieve additional stress. Further stress results in the initiation and propagation of surface and subsurface cracks. Because of the small contribution of plowing friction, the independence of the coefficient of friction in the environments examined is not inconsistent.
Qualitative interpretation of the track width data suggested that there was probably little difference among the values measured for sliding in environments of air, water, and DMF. The fit of these values to the curve predicted by a Hertzian analysis was reasonably good. These observations support the hypothesis that only a minimal amount of plastic deformation occurs as a result of sliding on the basal plane of FAP.
The values of n for sliding in the x direction in air, water, and DMF are compared in the table. Because of the scatter of data, it was difficult to observe differences statistically; however, a difference was observed between the means of n for sliding in air (adsorbed water) and water. Thus, the ductile-to-brittle transition occurs at a lower load for sliding in the x direction in an environment of bulk water than in air. Values of p' (fz) 1 , Tax (f) and 'rbi.dary (n) were lower for sliding in water than in air. However, no differences could be detected among the means of a-,, (n) in the various environments. This latter observation is thought to reflect the amount of scatter that existed in the /3 and n data. It was apparent, however, that the mode of surface damage was influenced by sliding in water. Not only was surface cracking evident at lower loads, as indicated by Q, but the mechanism of surface failure appeared to have changed in the presence of bulk water. In general, damage as a result of sliding on the basal plane of FAP in water was considerably more severe when compared with damage resulting from sliding in air (adsorbed water) and DMF. No differences between sliding in air and DMF were observed.
Recently, Westwood, and Goldheim2 and Westwood, Goldheim, and Lye3 have proposed a model to explain increases and decreases in surface hardness in the presence of surface-active species. The Westwood, Goldheim, and Lye model (WGL) [2] [3] [4] assumes that the mobility of dislocations in ionic crystals is controlled predominantly by interactions with such point defects as vacancies and impurity atoms and that chemisorption on such materials involves, at least in part, electron transfer between near-surface point and line defects and the adsorbate. They suggest, essentially, that adsorption-induced changes in the electronic state of near-surface point defects and dislocations introduce variations in their mutual interactions.
Two possibilities to explain the decrease of a of FAP in water seem likely. The first is surface hardening. Buckleyl has observed such an effect in calcium fluoride with sliding in oleic acid. In this instance, the presence of oleic acid on calcium fluoride caused a decrease in deformability that was manifested by a decrease in the coefficient of friction and an increase in the amount of cracking under sliding. The second possibility is surface softening, with the restriction that fluorapatite under the experimental conditions be considered a notch-sensitive material. Both of these possibilities can be discussed most conveniently in terms of the WVGL model.
Surface softening in the presence of bulk water requires an interaction between the polar water molecules or their dissociation products and charged, near-surface 402 (46) 126 (14) 58.9 (6.8)
100 (14) 0 Standard error of the mean is in parentheses. No differences could be detected among the values of 83 for sliding in air (adsorbed water), water, and DMF. Qualitative interpretation of the track width suggested the major mechanisms for the accommodation of strain as a result of sliding were elastic deformation and cracking. No differences in track width were detected for the environments studied. The ductile-to-brittle transition occurred at a lower load for sliding in water than in air or DMF. The mechanism of failure appeared to be different in water. A model based on surface hardening was proposed to explain the unusual mode of failure observed in bulk water.
